The catalytic cysteine of the typical 2-Cys Prx subfamily of peroxiredoxins is occasionally hyperoxidized to cysteine sulfinic acid during the peroxidase catalytic cycle. Sulfinic Prx (Prx-SO 2 H) is reduced back to the active form of the enzyme by sulfiredoxin. The abundance of Prx-SO 2 H was recently shown to oscillate with a period of ∼24 h in human red blood cells (RBCs). We have now investigated the molecular mechanism and physiological relevance of such oscillation in mouse RBCs. Poisoning of RBCs with CO abolished Prx-SO 2 H formation, implicating H 2 O 2 produced from hemoglobin autoxidation in Prx hyperoxidation. RBCs express the closely related PrxI and PrxII isoforms, and analysis of RBCs deficient in either isoform identified PrxII as the hyperoxidized Prx in these cells. Unexpectedly, RBCs from sulfiredoxin-deficient mice also exhibited circadian oscillation of Prx-SO 2 H. Analysis of the effects of protease inhibitors together with the observation that the purified 20S proteasome degraded PrxII-SO 2 H selectively over nonhyperoxidized PrxII suggested that the 20S proteasome is responsible for the decay phase of PrxII-SO 2 H oscillation. About 1% of total PrxII undergoes daily oscillation, resulting in a gradual loss of PrxII during the life span of RBCs. PrxII-SO 2 H was detected in cytosolic and ghost membrane fractions of RBCs, and the amount of membrane-bound PrxII-SO 2 H oscillated in a phase opposite to that of total PrxII-SO 2 H. Our results suggest that membrane association of PrxII-SO 2 H is a tightly controlled process and might play a role in the tuning of RBC function to environmental changes.
The catalytic cysteine of the typical 2-Cys Prx subfamily of peroxiredoxins is occasionally hyperoxidized to cysteine sulfinic acid during the peroxidase catalytic cycle. Sulfinic Prx (Prx-SO 2 H) is reduced back to the active form of the enzyme by sulfiredoxin. The abundance of Prx-SO 2 H was recently shown to oscillate with a period of ∼24 h in human red blood cells (RBCs). We have now investigated the molecular mechanism and physiological relevance of such oscillation in mouse RBCs. Poisoning of RBCs with CO abolished Prx-SO 2 H formation, implicating H 2 O 2 produced from hemoglobin autoxidation in Prx hyperoxidation. RBCs express the closely related PrxI and PrxII isoforms, and analysis of RBCs deficient in either isoform identified PrxII as the hyperoxidized Prx in these cells. Unexpectedly, RBCs from sulfiredoxin-deficient mice also exhibited circadian oscillation of Prx-SO 2 H. Analysis of the effects of protease inhibitors together with the observation that the purified 20S proteasome degraded PrxII-SO 2 H selectively over nonhyperoxidized PrxII suggested that the 20S proteasome is responsible for the decay phase of PrxII-SO 2 H oscillation. About 1% of total PrxII undergoes daily oscillation, resulting in a gradual loss of PrxII during the life span of RBCs. PrxII-SO 2 H was detected in cytosolic and ghost membrane fractions of RBCs, and the amount of membrane-bound PrxII-SO 2 H oscillated in a phase opposite to that of total PrxII-SO 2 H. Our results suggest that membrane association of PrxII-SO 2 H is a tightly controlled process and might play a role in the tuning of RBC function to environmental changes. P eroxiredoxins (Prxs) are a family of ubiquitous peroxidases found across all kingdoms of life that reduce peroxides and exist as obligatory homodimers with a subunit molecular size of 20-30 kDa (1) . Mammalian cells express six isoforms of Prx: four typical 2-Cys Prxs (PrxI to PrxIV), one atypical 2-Cys Prx (PrxV), and one 1-Cys Prx (PrxVI). Catalysis by all Prxs is initiated by reaction of the active cysteine (referred to as the peroxidatic Cys-SH, or C P -SH) with peroxides to form a sulfenic acid (C P -SOH) intermediate. This intermediate of typical 2-Cys Prxs reacts with another cysteine residue (the resolving Cys-SH, or C R -SH) of the paired subunit to form an intermolecular disulfide, C P -S-S-C R , which is subsequently reduced by thioredoxin and thioredoxin reductase (1) . The cysteine sulfenic acid intermediate formed during the catalytic cycle occasionally undergoes hyperoxidation to cysteine sulfinic acid (Cys-SO 2 H), resulting in inactivation of peroxidase function (1, 2) . The sulfinic form of typical 2-Cys Prxs is reduced back to the active form by sulfiredoxin (Srx) in a process that consumes ATP and cellular thiols (3) (4) (5) . There is no known mechanism for reduction of the sulfinic form of atypical 2-Cys Prx or 1-Cys Prx.
To adapt to cyclical changes in environmental cues arising from daily cycles of light and darkness, most organisms have developed endogenous biological clocks with a period of ∼24 h (6) . These clocks regulate many aspects of physiology including the sleep−wake cycle, body temperature, feeding, metabolism, and hormone and neurotransmitter secretion in mammals (7) . Genetic studies of biological clocks in various model organisms have shown that many genes and gene products, which are not evolutionarily conserved across distinct phyla, are organized to support a transcription−translation feedback loop that oscillates every 24 h (6, 8, 9) . Subsequent studies revealed that circadian oscillation can occur in the absence of nuclear events, however (10, 11) . This transcription-independent circadian oscillation has been difficult to study in mammalian cells containing a nucleus, but it was demonstrated by the detection of a self-sustained oscillation of hyperoxidized Prx (Prx-SO 2 H) with a period of ∼24 h in anuclear human red blood cells (RBCs) (12) . The circadian variation of Prx-SO 2 H has since been detected in a wide range of aerobic organisms including fungi, worms, and flies as well as mammals (13) (14) (15) (16) (17) . The physiological relevance of these observations has remained mostly unknown, however.
During oxygen transport, hemoglobin (Hb) in RBCs undergoes autoxidation to produce superoxide, which then undergoes dismutation to hydrogen peroxide (18, 19) . Catalase, glutathione peroxidase (GPx), and Prxs are responsible for the elimination of H 2 O 2 in RBCs (19) (20) (21) . Compared with catalase and GPx, which do not have a specific binding site for H 2 O 2 , Prxs function more effectively at low H 2 O 2 concentrations because they do possess a high-affinity binding site for this molecule (22) . Prx II is also much more abundant than the other two enzymes.
RBCs express three Prx isoforms: PrxI, PrxII, and PrxVI (20, 21) . Which isoform of Prx is responsible for the oscillation of hyperoxidized Prx in RBCs and the mechanism of such oscillation have remained unknown, however. The expression of Srx, which is responsible for reduction of the sulfinic form of typical 2-Cys Prxs, is generally induced in cells by oxidative stress. However, Srx cannot be induced in anuclear RBCs. In addition,
Significance
Peroxiredoxin II (PrxII) is the major antioxidant enzyme in red blood cells (RBCs) and is occasionally hyperoxidized and inactivated during elimination of H 2 O 2 . The abundance of hyperoxidized Prx was recently shown to oscillate with a period of ∼24 h in human RBCs, reflecting the operation of a circadian clock. Here we show that the oscillation of hyperoxidized PrxII in mouse RBCs is driven both by hyperoxidation mediated by H 2 O 2 produced during hemoglobin-dependent O 2 transport and by degradation of the hyperoxidized enzyme by the proteasome, rather than by reduction of the hyperoxidized PrxII by sulfiredoxin. About 1% of PrxII undergoes daily oscillation of hyperoxidation and degradation, leading to a gradual loss of PrxII during RBC aging.
certain organisms, such as Caenorhabditis elegans and Neurospora crassa, do not express Srx but still exhibit a circadian rhythm of Prx hyperoxidation (16) . We have now studied Prx hyperoxidation in mouse RBCs to identify the mechanism, as well as to gain insight into the physiological role, of circadian Prx hyperoxidation in RBCs.
Results
Circadian Oscillation of PrxII Hyperoxidation in Mouse RBCs. Although a previous study showed that human RBCs can be entrained (synchronized to an external cycle) by exposure to temperature cycles for 48 h (12), we found that similar procedures were not effective for mouse RBCs, mostly because the mouse cells are more susceptible to hemolysis than are human RBCs. To identify optimal conditions for the study of circadian oscillation of Prx hyperoxidation in mouse RBCs, we isolated a RBC fraction from whole blood of B6 mice by centrifugation, washed the RBC pellet with PBS (PBS), and incubated the cells at various densities in three different basal media: KrebsHenseleit buffer, DMEM (DMEM), and RPMI medium 1640. Lysates prepared from RBCs exposed to the various incubation conditions were then subjected to immunoblot analysis with antibodies that recognize a specific sequence surrounding the C P -SO 2 H of 2-Cys Prxs. We found that oscillation of Prx-SO 2 H could be conveniently monitored when RBCs were incubated in a modified DMEM (containing D-glucose at 4.5 g/L, sodium bicarbonate at 3.7 g/L, and sodium pyruvate at 110 mg/L, and with an osmolarity of 330 mOsm/L) at a density of 1.5 × 10 7 cells/ 50 μL in the dark and at 37°C under an atmosphere of 5% CO 2 and 20% O 2 in air. The osmolarity of mouse plasma (327 mOsm/L) is higher than that of human plasma (280 mOsm/L) (23) . Under these optimized conditions, the abundance of Prx-SO 2 H in mouse RBCs gradually decreased, achieving a nadir at ∼30 min after transfer of the isolated RBCs to the modified DMEM, and it then gradually increased (Fig. S1A) . The gradual increase proved to be the beginning of the rise phase of circadian oscillation (Fig. 1) . In the experiment shown in Fig. 1 , RBCs from three B6 mice were incubated separately under the optimized conditions. After 30 min (when the abundance of Prx-SO 2 H had reached its lowest level), the cells were sampled every 3 h and subjected to immunoblot analysis. RBCs from all three mice exhibited clear rhythmicity of Prx hyperoxidation with a period of ∼24 h. A similar 24-h oscillation of Prx-SO 2 H abundance was also observed when RBCs were maintained at 32°C (Fig. S1 B and C) .
RBCs express two 2-Cys Prxs (PrxI and PrxII) and 1-Cys Prx (PrxVI), with PrxII being highly abundant in these cells (20, 21) . Hyperoxidized 2-Cys Prxs can be detected by immunoblot analysis with antibodies generated in response to a sulfonylated peptide modeled on the conserved peroxidatic cysteine residue (C P ). Given that the amino acid sequence surrounding C P is identical for PrxI and PrxII, the antibodies to the sulfinic form of 2-Cys Prxs react with both PrxI-SO 2 H and PrxII-SO 2 H, which differ by only one amino acid residue in size and cannot be separated by SDS-polyacrylamide gel electrophoresis (PAGE). To evaluate the contributions of PrxI and PrxII to the Prx-SO 2 H band observed in Fig. 1A (Fig. S2) . These results suggested that the rhythmic hyperoxidation of Prx observed in RBCs largely reflects modification of PrxII. The Prx-SO 2 H detected by the antibodies to 2-Cys Prx-SO 2 H in RBCs is hereafter referred to as PrxII-SO 2 H.
The active-site cysteine residues of PrxVI and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are also susceptible to hyperoxidation (21) . PrxI/II-SO 2 H and PrxVI-SO 2 H can be readily differentiated as they are different in size, and the antibodies to their sulfinic forms are specific to each isoform. Immunoblot analysis with antibodies that recognize the sulfinic forms of PrxVI or GAPDH indicated that both PrxVI-SO 2 H and GAPDH-SO 2 H are present in RBCs but do not show circadian rhythm (Fig. S3 ).
Effect of Hb Autoxidation on PrxII Hyperoxidation in RBCs.
As a result of the affinity of Hb for carbon monoxide being much greater than that for oxygen, CO prevents Hb autoxidation and the subsequent production of superoxide and H 2 O 2 . We therefore tested the effect of CO on PrxII hyperoxidation in RBCs. Exposure of RBCs to CO largely abolished PrxII hyperoxidation and its circadian oscillation ( Fig. 2 and Fig. S4A ). Conversion of oxyhemoglobin to carboxyhemoglobin during the incubation of RBCs under an atmosphere of 100% CO was apparent both by visual inspection (development of a bright red color) and spectrophotometry (Fig. S4B ).
Circadian Oscillation of PrxII-SO 2 H in RBCs of Srx
+/+ and Srx −/− Mice.
Srx catalyzes the reduction of sulfinic typical 2-Cys Prxs. To examine the role of Srx in PrxII-SO 2 H rhythmicity, we incubated RBCs from age-and sex-matched Srx +/+ and Srx −/− littermates under the optimal conditions. To directly compare the PrxII-SO 2 H band intensities between Srx +/+ and Srx −/− mice, RBC lysates derived from those littermates were analyzed on the same gel and treated identically during all steps. Both wild-type and Srx-deficient RBCs showed a similar pattern of PrxII-SO 2 H oscillation ( Fig. 3 and Fig. S5 ). This finding was unexpected, given the role of Srx in the reduction of PrxII-SO 2 H. We compared the amounts of PrxII and Srx in RBCs with those in mouse embryonic fibroblasts, mouse leukemic monocytes-macrophages (RAW 264.7 cells), the mouse embryonic fibroblast cell line NIH 3T3, and mouse mononuclear cells (MNCs) obtained during RBC preparation. Immunoblot analysis indicated that the abundance of Srx in RBCs is 10-50% of that in the other mouse cells, whereas the abundance of PrxII in RBCs is 10-30 times that in the other cell types (Fig. S6A ). The ratio of Srx to PrxII is thus unusually low in RBCs. The amount of Srx in RBCs did not change during a 24-h time period (Fig. S5) .
To estimate the extent of PrxII hyperoxidation in RBCs during the circadian cycle, we prepared a standard RBC lysate, in which ∼10% of PrxII is hyperoxidized (Fig. S6B) , by incubating RBCs in the presence of glucose oxidase and glucose, which produces H 2 O 2 during the glucose oxidase-catalyzed conversion of glucose to glucolactone using molecular oxygen. Comparison with immunoblot intensities of the standard lysate indicated that the extent of PrxII hyperoxidation in RBCs incubated under the optimal conditions for 0 or 12 h was ∼0.7% and ∼1.6%, respectively, for wild-type cells and ∼1.7% and ∼2.8%, respectively, for Srx-deficient cells (Fig. S6C ).
Selective Degradation of PrxII-SO 2 H by the 20S Proteasome. Oxidatively modified proteins have been found to be selectively degraded in mammalian cells (24, 25) . In many instances, this degradation is mediated in an ATP-independent manner by the 20S proteasome, which recognizes hydrophobic residues of its substrates that are exposed as a result of oxidative modification. To determine whether proteasome-dependent proteolysis contributes to the decay phase of the circadian oscillation of PrxII-SO 2 H abundance, we exposed RBCs to proteasome inhibitors (MG132 and lactacystin) at circadian time 9.5 h, just before the peak of PrxII hyperoxidation. The addition of MG132, lactacystin, or both agents blocked the decay phase of PrxII-SO 2 H abundance ( Fig. 4A and Fig. S7A ).
To examine further the role of the 20S proteasome in the degradation of PrxII-SO 2 H, we partially purified the 20S proteasome complex from lysates of mouse RBCs by gel filtration chromatography (Fig. S7B ). We prepared a 1:1 mixture of hyperoxidized and nonhyperoxidized PrxII and incubated the mixture with the 20S proteasome fraction. Immunoblot analysis showed that the band intensity for PrxII-SO 2 H decreased with time, resulting in its almost complete disappearance after incubation for 4 h (Fig. 4 B and C) . The band intensity for total PrxII also decreased with time but remained at ∼50% of the initial level after 4 h (Fig. 4 B and D) . The presence of MG132 and lactacystin completely inhibited the degradation of both PrxII-SO 2 H and total PrxII. These results thus suggested that the 20S proteasome is able to degrade hyperoxidized PrxII selectively relative to nonhyperoxidized PrxII, and that this degradation is responsible for the decay phase of the circadian oscillation of PrxII-SO 2 H in RBCs. The gradual decrease of Prx II-SO 2 H observed during the first 30 min incubation in the modified DMEM (see Fig. S1A ) is also likely due to proteolysis as the decrease was blocked by proteasome inhibitors (Fig. S7 C and D) .
RBCs also express Ca 2+ -dependent proteases such as calpain and caspase. To test whether any of these enzymes might contribute to PrxII-SO 2 H degradation, we exposed RBCs to the Ca 2+ chelators EGTA and 1,2-bis (o-aminophenoxy) ethane-N,N,N′,N′-tetra-acetic acid acetoxymethyl ester (BAPTA-AM) as well as to a mixture of calpain inhibitors at a circadian time of 9.5 h. None of these agents had a measurable effect on the decay phase of PrxII-SO 2 H oscillation ( Fig. S7 E and F) , excluding a role for Ca 2+ -dependent proteases in circadian PrxII-SO 2 H degradation.
Age-Dependent Loss of PrxII in RBCs. Given that mature RBCs are not able to perform protein synthesis, the daily cycle of hyperoxidation and degradation of PrxII would be expected to result in a gradual decline in the amount of this protein during the lifetime of these cells, which is 30-40 d in the mouse. An agedependent increase in the density of RBCs allows the cells to be fractionated according to their mean age by discontinuous Percoll gradient centrifugation. We separated RBCs from wild-type and Srx-deficient mice into four fractions (F1 to F4) by this approach (Fig. 5A) . Equal amounts of protein from unfractionated RBCs and from each of the four fractions were then subjected to immunoblot analysis with various antibodies. The band intensity for PrxII-SO 2 H increased with increasing RBC density (age) for both wild-type and Srx-deficient cells (Fig. 5 B and C) . In contrast, the band intensity for PrxII decreased with increasing RBC age for both genotypes (Fig. 5 B and C) . These results suggested that circadian oscillation of PrxII-SO 2 H inevitably results in a decrease in the amount of total PrxII as RBCs age.
Similar to the results obtained for PrxII-SO 2 H, the band intensities for PrxVI-SO 2 H and GAPDH-SO 2 H were higher in Srxdeficient RBCs than in wild-type cells, and they increased with increasing RBC age (Fig. 5B) . This is likely because ablation of Srx reduced the amount of PrxII by ∼20% and increased the amount of PrxII−SO 2 H by ∼70% (Fig. 5C) , which would result in increased level of H 2 O 2 , leading to more hyperoxidation of Prx VI and GAPDH. In contrast to PrxII, however, the band intensities for PrxVI and GAPDH did not change during RBC aging. These results corroborated our observation that PrxVI-SO 2 H and GAPDH-SO 2 H do not exhibit circadian fluctuation (Fig. S3) .
Circadian-Dependent Changes in the Abundance of Ghost MembraneAssociated PrxII-SO 2 H. PrxII is present mostly in the cytosol but is also found associated with the ghost membrane of RBCs (26) . We examined whether the amount of ghost membrane-associated PrxII-SO 2 H shows circadian oscillation. Sampling of RBCs at 6-h intervals for 48 h revealed that the amount of ghost membrane-associated PrxII-SO 2 H first decreased in a stepwise manner, reaching its lowest level at 12 h, increased in a stepwise manner to reach a maximum at 24 h, and then went down at 36 h and up again at 48 h (Fig. 6A) . The amount of ghost membraneassociated PrxII-SO 2 H thus appeared to oscillate in a phase opposite to that of total PrxII-SO 2 H. We then examined the distribution of PrxII-SO 2 H and total PrxII in more detail after 0, 12, and 24 h of incubation. The amount of PrxII-SO 2 H in whole RBC lysates (as well as that in the cytosol) increased ∼2.5-fold from 0 h to 12 h before decreasing again at 24 h, whereas the amount of ghost membrane-associated PrxII-SO 2 H decreased by ∼60% from 0 h to 12 h before increasing again at 24 h (Fig. 6 B  and C) . The amount of ghost membrane-associated PrxII-SO 2 H was ∼10% and ∼1.5% of total PrxII-SO 2 H at 0 h and 12 h, respectively. The amount of PrxII associated with the ghost membrane was estimated to be ∼5% of total PrxII and did not change substantially with time ( Fig. 6 A and B) . Exposure of RBCs to the slow production of H 2 O 2 in glucose oxidase-containing medium resulted in an increase in the amounts of PrxII-SO 2 H in the whole cell lysate and cytosolic fraction, but a marked decrease in the amount of that associated with the ghost membrane (Fig. S8) . These results suggested that increased PrxII hyperoxidation in RBCs either associated with circadian oscillation or resulting from exposure to an oxidative environment is accompanied by a concurrent decline in the amount of membrane-associated PrxII-SO 2 H. Fig. 2 . Effect of CO on PrxII hyperoxidation in RBCs. RBCs isolated from three mice were exposed to CO (○, ▽, and □ for mice #1, #2, and #3, respectively) or to room air (•, ▼, and ■ for mice #1, #2, and #3, respectively) for 30 min and then incubated and analyzed for PrxII hyperoxidation as in Fig. 1 . The immunoblots are shown in Fig. S4A . Table S1 . On incubation of isolated mouse RBCs under the optimal conditions, the level of Prx-SO 2 H declined to a nadir after ∼30 min and then increased gradually to initiate the rising phase of circadian oscillation. PrxII, like other Prx isoforms, exists as an obligatory homodimer arranged in a head-to-tail manner. The PrxII dimer undergoes further oligomerization to form a decamer and higher molecular weight complexes in cells. Fractionation of human RBC lysates by nonreducing SDS/PAGE revealed that almost all PrxII molecules migrated as a monomer if N-ethyl maleimide (NEM) was included in the lysis buffer to alkylate C P -SH. In the absence of NEM, a large proportion of PrxII molecules migrated as a dimer, suggesting that PrxII exists mainly in the thiol form in RBCs but forms an intermolecular disulfide (C P -S-S-C R ) as the result of air oxidation after lysis (28) . In a previous study of circadian rhythms in human RBCs (12) , RBC lysates were analyzed by nonreducing SDS/PAGE without NEM treatment. PrxI and PrxII were thus detected as monomers, dimers, and multimers with similar band intensities, and the circadian oscillation of Prx-SO 2 H was most apparent for the dimeric form. The analysis of circadian oscillation therefore focused on the dimerassociated Prx-SO 2 H detected on nonreducing SDS gels. In our experiments, however, we analyzed RBC proteins on reducing SDS gels to detect all Prx molecules as monomers, and we observed pronounced circadian oscillation of the monomeric Prx-SO 2 H. Our analysis of RBCs from PrxI or PrxII knockout mice also showed that PrxII is responsible for the circadian oscillation of Prx-SO 2 H. PrxI-SO 2 H was thus not detected in RBCs from PrxII −/− mice, likely reflecting either the low abundance of PrxI or its insensitivity to hyperoxidation in these cells. Hyperoxidized forms of PrxVI and GAPDH were detected in RBCs, but they did not exhibit circadian oscillation.
Consistent with Hb autoxidation being the major source of H 2 O 2 in RBCs, we found that CO poisoning blocked PrxII-SO 2 H formation in RBCs. Unexpectedly, however, we also found that the circadian oscillation of PrxII-SO 2 H was still apparent in RBCs from Srx −/− mice. Whereas ablation of Srx increased the basal level of PrxII-SO 2 H, it affected neither the amplitude nor the decay rate of the oscillation. These results suggest that the reduction of PrxII-SO 2 H by Srx is so slow in RBCs that it is inconsequential to the daily changes in PrxII-SO 2 H abundance, but that it exerts a cumulative effect during the life span of these cells. This situation thus contrasts with the Srx-dependent circadian oscillation of PrxIII-SO 2 H apparent in the mouse adrenal cortex, where cholesterol is converted to corticosterone in response to stimulation with adrenocorticotropic hormone (ACTH) (17) . Corticosterone synthesis is accompanied by the cytochrome P450-mediated generation of H 2 O 2 in mitochondria, and this H 2 O 2 is eliminated by the mitochondrion-specific isoform of Prx, PrxIII, resulting in the production of PrxIII-SO 2 H. Corticosterone production undergoes daily oscillation, which in turn results in PrxIII-SO 2 H oscillation, at the peak of which, >70% of PrxIII is inactivated through hyperoxidation. PrxIII inactivation leads to the accumulation of H 2 O 2 in mitochondria and its overflow into the cytosol, where it triggers activation of p38 mitogen-activated protein kinase and consequent down-regulation of both corticosterone synthesis and H 2 O 2 production. In addition, ACTH (F1 to F4) fractionation as in A were subjected to immunoblot analysis with antibodies to the sulfinic form of 2-Cys Prxs, to PrxII, to PrxVI-SO 2 H, to PrxVI, to GAPDH-SO 2 H, to GAPDH, and to β-actin (loading control). (C) Immunoblot intensities of PrxII-SO 2 H and PrxII bands in B were normalized by that of the corresponding β-actin band and then expressed in arbitrary units relative to the corresponding maximum value. Data are means ± SD of the three independent experiments. *, P < 0.05; +, P < 0.01; #, P < 0.001; Srx +/+ F1 vs.
the other fractions in PrxII intensity.
stimulation greatly increases the expression of Srx, which eventually translocates into mitochondria and mediates the decay phase of PrxIII-SO 2 H oscillation. This Srx-dependent reversible hyperoxidation of PrxIII thus provides for a negative feedback regulatory mechanism for steroidogenesis independently of the hypothalamic-pituitary-adrenal axis (17) . The reduction of hyperoxidized Prx by Srx is a slow process (k cat = 0.2-0.5 min -1 at 30°C) (29) , and it is especially slow in RBCs, likely because the Srx concentration in these cells is much lower than that in other cell types and, unlike in nucleated cells, Srx expression cannot be induced in anuclear RBCs. Furthermore, given that Srx binds to both nonhyperoxidized and hyperoxidized typical 2-Cys Prxs (30), the high concentration of PrxII in RBCs would also be expected to slow the Srx reaction.
Selective degradation of damaged proteins, which is important for maintenance of optimal cellular function, is mediated by both the 26S proteasome and the 20S proteasome, which are respectively dependent on and independent of ubiquitin and ATP. Mild oxidative stress promotes disassembly of the 26S proteasome into the 20S core proteasome and the 19S regulatory particle. The concentration of the free 20S core is >10 times that of the 26S proteasome in RBCs (31) , in which the ubiquitin-and ATP-independent degradation of oxidatively damaged proteins has been observed. The 20S proteasome has been suggested to recognize hydrophobic residues exposed as a result of mild oxidation of proteins (25) . Hyperoxidation of Prx also exposes hydrophobic patches that drive oligomerization (32) . Our data now show that the 20S proteasome degrades hyperoxidized PrxII selectively over nonhyperoxidized PrxII, and that this degradation is responsible for the decay phase of the circadian oscillation of PrxII-SO 2 H.
The amplitude of PrxII-SO 2 H oscillation in RBCs was estimated to be ∼0.9% of total PrxII; that is, ∼0.9% of PrxII is depleted daily in RBCs under our experimental conditions. Fractionation of RBCs on the basis of cell density (age) immediately after their isolation from mouse blood revealed that the amount of PrxII in the most aged RBC fraction was ∼30% less than that in the least aged fraction, suggesting that the circadiandependent degradation of PrxII in RBCs also occurs in vivo. Reduction of PrxII-SO 2 H by Srx requires ATP (4, 5) , which is produced through energy-inefficient pathways in RBCs, which lack mitochondria. Given that the daily loss of such a small proportion of the abundant PrxII pool is likely inconsequential to the overall antioxidant capacity of RBCs, degradation of PrxII-SO 2 H, instead of its reactivation through the costly Srx reaction, might be economic for the short-lived cells.
PrxII in RBCs is present mostly in the cytosol but also associates with the ghost membrane (26) . Given that Hb near the membrane first senses the demand of tissues for O 2 , the deoxygenation of Hb likely occurs predominantly near the plasma membrane, resulting in a concomitant local increase in H 2 O 2 concentration followed by hyperoxidation of membrane-associated PrxII. The amount of PrxII-SO 2 H thus oscillates likely because the supply of O 2 to tissues undergoes circadian cycling. We found that PrxII-SO 2 H is also distributed between the cytosol and ghost membrane, that this distribution exhibits circadian variation, and that the amount of membrane-associated PrxII-SO 2 H decreases when the total amount of PrxII-SO 2 H increases in RBCs. This inverse relation between total and membrane-associated PrxII-SO 2 H was also observed when total PrxII hyperoxidation was increased by exposure of RBCs to H 2 O 2 . Membrane-bound PrxII is likely also a primary target for H 2 O 2 molecules that permeate the cell from outside. The amount of total (hyperoxidized plus nonhyperoxidized) PrxII associated with the membrane remained unchanged during the circadian cycle. Given that membrane-bound PrxII is critical for the protection of membrane lipids from oxidative damage (26) , replacement of inactivated PrxII with active enzyme would be expected to be important for RBC function. The inverse relation between total and membrane-associated PrxII-SO 2 H suggests that such replacement is not dependent on thermodynamic equilibrium but rather is tightly controlled, likely through binding of PrxII-SO 2 H to as yet unidentified proteins. In what is, to our knowledge, the first example of a protein interaction dependent on the hyperoxidized state of a Prx, the protein disulfide isomerase ERp46 was recently identified as a binding partner of PrxII-SO 2 H in T cells and endothelial cells (33) . The role of membrane-localized PrxII-SO 2 H is only speculative at the present time. Given that hyperoxidation of 2-Cys Prxs results in loss of their peroxidase activity but a concomitant gain of chaperone function, membrane-bound PrxII-SO 2 H might be required to protect neighboring proteins from oxidative denaturation.
Materials and Methods
Materials. Rabbit polyclonal antibodies to PrxI, to PrxII, to the sulfinic-sulfonic forms of 2-Cys Prxs (SI Materials and Methods), to Prx VI, to the sulfinicsulfonic forms of PrxVI, to Srx, to GAPDH, or to the sulfinic-sulfonic forms of GAPDH were described previously (21) . Percoll and a Superose 6 column were obtained from Amersham Bioscience, glucose oxidase and Krebs− Henseleit buffer were from Sigma-Aldrich, and horseradish peroxidaseconjugated secondary antibodies and ECL detection reagents were from Pierce. MG132, lactacysitn, and a 20S proteasome assay kit were obtained from Cayman Chemical, and PBS, DMEM, and RPMI 1640 were from Wel-GENE. FBS and penicillin-streptomycin were from HyClone.
Animals. Mice (8-12 wk of age; body mass of 20-25 g) were housed in a temperature-controlled room with a 12-h-light, 12-h-dark cycle and allowed free access to food and water. PrxI −/− , PrxII
, and Srx −/− mice were as described previously (17, 34) . All animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee of Ewha Womans University.
Optimization of Culture Conditions for Mouse RBCs. Mice were anesthetized by i.p. injection with a combination of Zoletil (50 μg/kg) and Rompun (1 μL/kg). Whole blood (∼0.5 mL) was collected from the abdominal vein with a 1-mL syringe, transferred to a 1.5-mL tube containing 100 μL of acid citrate dextrose solution (7.3 g of anhydrous citric acid, 22.0 g of sodium citrate dihydrate, and 24.5 g of dextrose dissolved in 1,000 mL of distilled water), and centrifuged at 1,500 × g for 10 min at room temperature to remove plasma and white blood cells. The RBC pellet was washed three times with sterile PBS, and 0.3 mL of the final washed pellet was suspended in 3 mL of one of three different media (Krebs-Henseleit buffer, DMEM, or RPMI medium 1640). The resulting RBC suspension was dispensed into 1.5-mL Eppendorf tubes (50 μL per tube), which were then maintained at 37°C in complete darkness under an atmosphere of 5% CO 2 and 20% O 2 in air. Tubes were removed from the incubator at various times for the addition of 80 μL of 2× SDS sample buffer containing 10 mM NEM. They were then incubated at 95°C for 10 min before storage at -80°C until immunoblot analysis. The basal Krebs−Henseleit buffer was supplemented or not with glucose (2 g/L), sodium bicarbonate (1.6 g/L), or sodium pyruvate (110 mg/L). DMEM was modified or not by the addition of sodium pyruvate (110 mg/L). All three media were supplemented with 0.1% BSA, penicillin (100 U/mL), and streptomycin (100 mg/mL). These experiments allowed us to determine that circadian oscillation of Prx hyperoxidation in mouse RBCs can be studied adequately with modified DMEM (containing D-glucose at 4.5 g/L, sodium bicarbonate at 3.7 g/L, and sodium pyruvate at 110 mg/L and with an osmolarity of 330 mOsm/L) at a density of 1.5 × 10 7 cells/50 μL in the dark at 37°C under an atmosphere of 5% CO 2 and 20% O 2 in air.
Immunoblot Analysis. RBC proteins were fractionated by reducing SDS/PAGE on a 14% gel and then transferred eletrophoretically to a nitrocellulose membrane for immunoblot analysis with various antibodies. Immune complexes were detected with horseradish peroxidase-conjugated secondary antibodies and ECL reagents. Band intensities on X-ray film were measured with the use of densitometry software (TINA 2.09).
Measurement of the Extent of PrxII Hyperoxidation in Mouse RBCs.
To prepare a standard RBC lysate for which the extent of PrxII hyperoxidation is quantified, we incubated mouse RBCs at a 50% hematocrit in 50 μL of DMEM containing 0.5 mU of glucose oxidase for 1 h at 37°C with gentle shaking. The cells were then washed with PBS and lysed by ultrasonic treatment in four 30-s bursts. The resulting lysate was subjected to 2D PAGE followed by immunoblot analysis for quantitation of the extent of PrxII hyperoxidation as described (30) . About 10% of PrxII was found to be hyperoxidized in the standard lysate. The extent of PrxII hyperoxidation in RBCs during circadian oscillation was estimated by comparison of the immunoblot intensities of PrxII-SO 2 H with those for the standard RBC lysate.
Exposure of Mouse RBCs to CO. RBCs were washed three times with PBS, and 0.3 mL of the washed RBC pellet was suspended in 3 mL of modified DMEM and exposed for 30 min to 100% CO by direct injection of the gas stream through a line-connected needle into the RBC tube.
Fractionation of RBCs Based on Mean Age. RBCs were washed with PBS and then layered on top of a discontinuous density gradient consisting of 85%, 80%, 76%, 72%, 69%, and 66% Percoll (from the bottom up), as described previously (35) . Centrifugation of the tube at 4,000 × g for 15 min at 4°C yielded six discrete bands, of which the two minor bands at the top and bottom of the gradient were discarded and the four middle bands (F1 to F4 for the least dense to most dense) were collected, washed three times with PBS, and subjected to immunoblot analysis.
Preparation of Ghost Membranes. RBCs (0.15 mL) that had been washed with PBS were suspended in 10 mL of a 1:25 dilution of PBS and incubated for 30 min at 0°C to induce hypotonic lysis. The lysate was then mixed with 2.5 mL of 5× PBS to restore isotonicity, incubated for 45 min at 37°C, and centrifuged at 2,500 × g for 10 min at room temperature to obtain cytosolic and ghost membrane fractions. The ghost membranes were washed with PBS until the supernatant appeared free of Hb.
